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-Chronic inflammation is an important etiology underlying obesity-related disorders such as insulin resistance and type 2 diabetes, and recent findings indicate that the macrophage can be the initiating cell type responsible for this chronic inflammatory state. The mammalian silent information regulator 2 homolog SIRT1 modulates several physiological processes important for life span, and a potential role of SIRT1 in the regulation of insulin sensitivity has been shown. However, with respect to inflammation, the role of SIRT1 in regulating the proinflammatory pathway within macrophages is poorly understood. Here, we show that knockdown of SIRT1 in the mouse macrophage RAW264.7 cell line and in intraperitoneal macrophages broadly activates the JNK and IKK inflammatory pathways and increases LPS-stimulated TNF␣ secretion. Moreover, gene expression profiles reveal that SIRT1 knockdown leads to an increase in inflammatory gene expression. We also demonstrate that SIRT1 activators inhibit LPS-stimulated inflammatory pathways, as well as secretion of TNF␣, in a SIRT1-dependent manner in RAW264.7 cells and in primary intraperitoneal macrophages. Treatment of Zucker fatty rats with a SIRT1 activator leads to greatly improved glucose tolerance, reduced hyperinsulinemia, and enhanced systemic insulin sensitivity during glucose clamp studies. These in vivo insulin-sensitizing effects were accompanied by a reduction in tissue inflammation markers and a decrease in the adipose tissue macrophage proinflammatory state, fully consistent with the in vitro effects of SIRT1 in macrophages. In conclusion, these results define a novel role for SIRT1 as an important regulator of macrophage inflammatory responses in the context of insulin resistance and raise the possibility that targeting of SIRT1 might be a useful strategy for treating the inflammatory component of metabolic diseases. macrophage; insulin resistance FOR MANY YEARS, IT HAS BEEN KNOWN that caloric restriction extends life span over a wide range of species, including mammals (27) . Silent information regulator 2 (Sir2) is a NADdependent deacetylase that is one of the components connecting the metabolic effects of caloric restriction to longevity in yeast, worms, and flies (7) . Mammals express 7 homologs of yeast Sir2, identified as the SIRTUIN family, SIRT1-7 (7) . SIRT1 has the closest homology to Sir2, and recent data suggest that activation of SIRT1 may be, at least partially, responsible for the extension of life span in mammals (4, 5, 7) .
It is now well recognized that in obesity-related diseases, chronic low-grade tissue inflammation is an important etiologic component of insulin resistance, metabolic syndrome, and type 2 diabetes (1, 3, 9, 10, 25, 37) . More recent studies (25, 31, 32) have shown that the macrophage plays a central role in orchestrating and initiating obesity-related tissue inflammatory responses. Thus adipose tissue macrophages (ATMs) accumulate in obese adipose tissue where they can elaborate local inflammatory mediators (cytokines) that work in a paracrine fashion to cause the development of tissue insulin resistance. Knockout of monocyte chemotaxic protein-1 (MCP-1), or its receptor CCR2 in mice, impairs macrophage migration and inflammation and improves insulin sensitivity (12, 30) , whereas transgenic overexpression of MCP-1 in adipocytes increases infiltration of macrophages and heightens inflammation, producing insulin resistance (11, 12) . Other studies have shown that tissue-specific disruption of the macrophage inflammatory pathway by macrophage-specific knockout of IB kinase (IKK; Refs. 1, 37), c-Jun N-terminal kinase (JNK; Ref. 28) , or Cbl-associated protein (CAP; Ref. 14) protects mice from high-fat diet (HFD) or obesity-induced inflammation. Importantly, even though these knockout mice are protected from insulin resistance, they still become fully obese on HFD. Moreover, macrophage peroxisome proliferator activated receptor-␥ (PPAR␥) normally suppresses inflammatory pathways, and macrophage-specific knockout of PPAR␥ leads to increased markers of inflammatory responses and insulin resistance (8, 20) . Taken together, these findings demonstrate a strong relationship between macrophage inflammatory responses and systemic insulin resistance. Since activation of SIRT1 can lead to improved glucose tolerance and insulin sensitivity (2, 13, 17) and since one of the deacetylated targets of SIRT1 is NF-B (33), we hypothesized that macrophage SIRT1 could play a role in regulating macrophage inflammatory responses with subsequent effects on insulin sensitivity in insulin target cells.
In the current study, we examined the in vitro effects of SIRT1 in RAW264.7 macrophage/monocytic cells and primary intraperitoneal mouse macrophages. We demonstrate that SIRT1 represses inflammatory pathway activity, gene expression, and release of TNF␣ from LPS-stimulated macrophages and that pharmacological SIRT1 activators exert broad antiinflammatory effects. This was recapitulated in vivo, since treatment of obese, insulin-resistant Zucker fatty (ZF) rats led to improved glucose tolerance, enhanced systemic insulin sensitivity, and normalization of tissue markers of inflammation. Fig. 4 ). 3T3-L1 cells were cultured and differentiated as described previously (34) . Experiments in this study utilized mature 3T3-L1 adipocytes cultured for 7 days after completion of the differentiation process as described previously (35) .
MATERIALS AND METHODS

Materials
Primary macrophage cells culture. Peritoneal macrophages were isolated from C57BL/6 background mice by peritoneal lavage 4 days after injection of 3 ml of 3% thioglycolate (Difco; BD Diagnostics, Sparks, MD) and plated in 24-well plates at 2 ϫ 10 5 cells/well. RNA interference. The duplexes of small interfering RNA (siRNA), targeting SIRT1 mRNA (target sequence was described previously; Ref. 36) , and a negative control (scrambled sequence) were purchased from Dharmacon Research (Lafayette, CO). We electroporated 2 ϫ 10 7 RAW264.7 cells with 2 nmol of siRNA oligonucleotides to mouse either SIRT1 or scrambled control siRNA, using the XCell Gene Pulser (Bio-Rad, Hercules, CA). Electroporated cells were plated into 12-well tissue culture plates and were incubated for 29 h at 37°C before assays.
RNA isolation and RT-PCR. Total RNA was isolated and purified from epididymal fat pad or treated cells using TRIzol according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). First-strand cDNA synthesis, quantitative real-time-PCR, and the ArrayPlate assay were performed as previous described (8, 16 ). The oligonucleotide primers or target sequence used is available upon request.
Western blotting. Western blotting with indicated antibodies was performed on tissue and cells, as described previously (36) .
ELISA. Conditioned medium (CM) was assayed for mouse TNF␣ using ELISA kits (Biosource, Camarillo, CA) following the manufacturer's protocol.
Chromatin immunoprecipitated assay. The chromatin immunoprecipitated (ChIP) assay was performed using the ChIP assay kit from Upstate Biotechnology, as described previously (36) . Briefly, RAW 264.7 macrophage were cross-linked, scraped, pelleted, and resuspended. Anti-NF-B antibody was added to the sonicated chromatin solution and incubated. The chromatin complexes were eluted. After reversal of the cross-linking, the DNA was purified, and input control or ChIP samples were used as a template for PCR using the primer sets for regions containing NF-B binding sites.
Preparation of CM. RAW264.7 cells electroporated with control or SIRT1 siRNA were cultured. The cells were treated with or without 50 M resveratrol for 1 h, followed by the addition of 100 ng/ml LPS or 200 M palmitate. After 3 h (for LPS) or 6 h (for palmitate), the medium was collected. The control medium and the collected medium were centrifuged. To avoid the effect of medium changes and pH changes, the supernatant was concentrated by Centricon (Millipore Billerica, MA) and was then sterilized.
2-Deoxyglucose uptake. The procedure for evaluating glucose transport was performed as previously described (35) . Fully differentiated 3T3-L1 adipocytes were incubated with control CM or CM obtained from RAW264.7 cells (diluted 1:250 in DMEM with 10% FBS. The ratio 1:250 was the back to the original volume.). Cells were glucose starved for 1 h in HEPES-salt buffer. Cells were stimulated with insulin (100 ng/ml) for 25 min followed by measurement of 2-deoxyglucose uptake. Glucose uptake was assayed in triplicate wells for each condition in four independent experiments.
Preparation of SRT1720 and SRT2379. The compounds SRT1720 (17) and SRT2379 were provided by Sirtris.
Animals. Six-week-old, male fatty (fa/fa) Zucker (ZF) rats (Harlan Sprague Dawley) were housed. At 7 wk of age, the animals were randomly assigned to receive either the SIRT1 agonist (SRT2379) at 100 mg per kg of body weight per day or vehicle. Animals were weighed daily, the drug or vehicle was administered by oral gavage on a daily basis for 4 wk, and animals had ad libitum access to food and water. During the second week of drug treatment, we monitored food intake for 3 consecutive days. After 4 wk treatment, rats were anesthetized after an overnight fast, and the epididymal fat pad was removed, rinsed in saline, weighed, and frozen for later analysis. All experimental procedures were approved by the Animal Subjects Committee at the University of Calirfornia, San Francisco, according to NIH guidelines.
Oral glucose tolerance test. On day 22 of treatment, after a short fast (5 h), rats were orally gavaged (1 g/kg body wt) with dextrose (Hospira). Blood glucose was measured at 0, 15, 30, 60, and 90 min. A blood sample was also taken at 0, 15, 30, and 60 min. This sample was centrifuged, and the plasma was stored for analysis of plasma insulin concentration.
Hyperinsulinemic euglycemic clamp. Hyperinsulinemic euglycemic clamp was described previously (17) . Briefly, 5 days before conducting clamp experiments, animals were cannulated. The evening before the hyperinsulinemic euglycemic clamp animals were fasted overnight for 8 h. At time 0, glucose (variable infusion, 50% dextrose; Hospira) and insulin (25 mU·kg Ϫ1 ·min Ϫ1 , Humulin R; Eli Lilly) infusions were started simultaneously. Small blood samples (5 l) were drawn from the carotid artery at 10-min intervals and immediately analyzed for glucose (OneTouch Ultra; LifeScan). The glucose infusion was adjusted to maintain blood glucose at 100 mg/dl. The clamp was completed after blood glucose was at steady state for 30 min (ϳ120 min).
Histological analysis. Macrophages in epididymal fat pads were visualized by MAC-2 immunostaining and quantified as described previously (21) . The size of adipocyte area was measured using ImageJ software (NIH freeware).
Statistics. Values are expressed as means Ϯ SE. Statistical significance between two groups was determined by the Student's t-test. Comparisons among several groups were performed by ANOVA, and when the results passed the ANOVA test, we performed Bonferroni's multiple comparison posttests to calculate the relevant P values.
RESULTS
SIRT1 activators inhibit LPS-stimulated inflammatory pathways.
Resveratrol is a natural polyphenolic compound that works, in part, by increasing SIRT1 activity through an allosteric interaction (27) . We stimulated the macrophage cell line RAW264.7 with the inflammatory pathway activator LPS in the presence or absence of resveratrol. Pretreatment with resveratrol clearly inhibited LPS-stimulated c-JUN phosphorylation without changing the total level of c-JUN protein (Fig. 1A) . Resveratrol treatment also led to decreased LPSstimulated IB degradation and NF-B phosphorylation (Fig. 1B ). Since resveratrol is not completely specific for SIRT1, to exclude possible nonspecific effects, we used SRT1720, which is a more specific high affinity activator of the enzyme (17) . Consistent with the effects of resveratrol, pretreatment with SRT1720 strongly inhibited LPS-stimulated c-JUN and IB/ NF-B inflammatory pathways in RAW cells (Fig. 1, C and D) and in primary immunoprecipitated macrophages harvested from C57BL/6 mice (Fig. 1E) . We also assessed the acetylation state of NF-B, a known target of SIRT1 (33) . Western blots with anti-acetyl-NF-B antibody showed that SRT1720 treatment led to decreased NF-B acetylation (Fig. 1F) . To evaluate the functional significance of this change in NF-B acetylation, we performed ChIP assays. As seen in Fig. 1G , SIRT1 activation by SRT1720 reduced the occupancy of NF-B on the MMP9 promoter, a known NF-B target gene. Together, these data show that SIRT1 activity broadly inhibits inflammatory pathway activation in macrophages.
SIRT1 knockdown increases inflammatory responses. To assess the specificity of SIRT1 mediated anti-inflammatory responses, we utilized siRNAs against SIRT1. Thus RAW264.7 cells were electroporated with SIRT1 siRNA, which led to an ϳ80% depletion of SIRT1 protein 48 h later ( Fig. 2A) . In contrast to SIRT1 activator treatment, SIRT1 knockdown significantly increased LPS-stimulated phosphorylation of JNK and c-JUN (Fig. 2B) . LPS-stimulated IKK phosphorylation was also enhanced by SIRT1 knockdown (Fig. 2C) , and this was accompanied by greater IB degradation and enhanced NF-B activation (as assessed by NF-B phosphorylation, acetylation, and association with the MMP9 promoter; Fig. 2, C, D, and E) . A second independent siRNA against SIRT1 also led to increased phosphorylation of JNK and IKK, showing the absence of off-target effects (data not shown). LPS stimulates inflammation by activating the toll-like receptor 4 (TLR4) pathway. Therefore, we measured expression of TLR4 and several of its downstream effectors and found that SIRT1 knockdown had no effect on protein levels of TLR4, myeloid differentiation marker 88 (MyD88), TNF receptor-associated factor 6 (TRAF6), and TGF-␤-activated kinase 1 (TAK1; Fig. 2F ).
SIRT1 modulates inflammatory gene expression. To further define the role of SIRT1 in the regulation of inflammation, we quantified the transcript levels of several inflammatory pathway genes in RAW264.7 cells. SIRT1 knockdown led to an increase in the basal expression levels of TNF␣, MCP-1, and KC (Supplemental Fig. 1, inset; supplemental data for this article are available online at the Am J Physiol Endocrinol Metab website). In LPS-stimulated cells, SIRT1 knockdown resulted in enhanced expression of TNF␣, IL-1␤, MMP9, MCP-1, KC, and IL-6 (Supplemental Fig. 1) , consistent with the concept that SIRT1 can broadly suppress inflammatory gene expression.
SIRT1 is the target for the anti-inflammatory effects of SRT1720 and resveratrol. To assess the specificity of the anti-inflammatory effects of resveratrol and SRT1720, we examined the effects of these compounds in SIRT1 knockdown cells. Resveratrol and SRT1720 treatment clearly inhibited LPS-stimulated JNK and IKK phosphorylation in cells electroporated with control siRNA (Fig. 3, A and B, lane 2 vs. 4) , while SIRT1 knockdown increased LPS-stimulated phosphorylation of JNK and IKK (Fig. 3, A and B, lane 2 vs. 6) . Importantly, in the SIRT1 knockdown cells, pretreatment with resveratrol or SRT1720 was without effect (Fig. 3, A and B, lane 6 vs. 8), indicating that these SIRT1 activators inhibit LPS-stimulated inflammatory responses via effects on SIRT1.
Effect of SIRT1 on TNF␣ secretion. Since TNF␣ is a major macrophage-derived proinflammatory cytokine (29), we assessed the role of SIRT1 on TNF␣ secretion. As seen in Fig.  3C , LPS stimulation led to a large increase in TNF␣ secretion into the medium, which was inhibited by SRT1720. In SIRT1 knockdown cells, LPS-stimulated TNF␣ secretion was enhanced, and SRT1720 was now without effect (Fig. 3C) .
Macrophage SIRT1 affects adipocyte insulin sensitivity. To evaluate the role of SIRT1 in the paracrine effects of macrophages to cause insulin resistance in insulin target cells, we measured the effect of CM from RAW264.7 cells on glucose uptake in 3T3-L1 adipocytes. RAW264.7 cells were stimulated with LPS for 3 h, and CM was harvested, filtered to remove cells, concentrated, and then added to fully differentiated 3T3-L1 adipocytes for 18 h (Fig. 4) . Exposure to CM from Forty-eight hours after electroporation, cell lysates were immunoblotted with indicated antibodies. B-F: cells were electroporated with control or SIRT1 (SIRT) siRNA. Forty-eight hours after electroporation, cells were stimulated with or without 100 ng/ml LPS for 10 min (B, C, and F) or 1 h (D and E), and Western blotting was performed with indicated antibodies. Data are percentages compared with ctrl siRNA electroporated cells and are means Ϯ SE (n ϭ 3). E, top: soluble chromatin was immunoprecipitated with anti-NFB antibody or control IgG . Enrichment of B containing DNA sequences in the immunoprecipitated DNA pool was visualized by PCR. E, bottom: PCR-amplified MMP9 promoter band from input control. Graph shows mean Ϯ SE from 3 independent experiments, and values are expressed as fold amount of immunoprecipitated promoter DNA copy numbers relative to their corresponding input controls, compared with those observed DMSO-treated cells. *P Ͻ 0.05, control siRNA vs. SIRT1 siRNA.
LPS-stimulated cells significantly decreased insulin-stimulated glucose transport by ϳ50%, and this was attenuated by pretreating the macrophages with resveratrol (Fig. 4A) . Consistent with these changes, CM from LPS-stimulated macrophages caused a reduction in insulin-stimulated Akt phosphorylation in 3T3-L1 adipocytes, which was attenuated by pretreatment of the macrophages with resveratrol (Fig. 4B) . Since exogenous administration of fatty acids induces inflammatory responses in macrophages, we also assessed the effect of CM from RAW264.7 cells treated with palmitate on glucose uptake in adipocytes. CM from palmitate-stimulated cells increased basal glucose uptake, as previously reported (24) but also reduced the insulin-stimulated effect, and this was attenuated by resveratrol pretreatment of the macrophages (Supplemental Fig. 2) . Control CM containing LPS, as well as unstimulated RAW264.7 CM, was without effect on glucose uptake (data not shown). Taken together, these data suggest that TLR4 ligand stimulation of macrophages results in increased production of macrophage-secreted factors, which can cause insulin resistance through a paracrine mechanism, and that this effect can be inhibited by SIRT1 activation.
SIRT1 activator improves glucose intolerance and insulin sensitivity in obese ZF rats. To assess the in vivo effects of SIRT1 activation on insulin sensitivity and tissue inflammation, ZF rats were treated with the SIRT1 activator SRT2379 for 4 wk. As seen in Fig. 5 , A-C, body weight, food intake, and epididymal fat pad weight were the same in vehicle and SRT2379-treated animals. Although obesity was comparable Fig. 3 . SIRT1 is the target for the resveratrol and SRT1720 anti-inflammatory effects. After pretreatment of 50 M resveratrol (A) or 1 M SRT1720 (B) for 1 h, RAW264.7 cells electroporated with control or SIRT1 siRNA were stimulated with or without 100 ng/ml LPS for 10 min and then lysed, and immunoblotting was performed with indicated antibodies. Scanned bar graphs show means Ϯ SE, and values are expressed as %maximum in phsphorylation compared with those observed in LPS-stimulated control cells (n ϭ 3). C: RAW264.7 cells, electroporated with control or SIRT1 siRNA, were stimulated with or without 100 ng/ml LPS for 1 h, and conditioned medium (CM) was harvested for ELISA analysis. Secreted TNF␣ was assayed for mouse TNF␣ using ELISA assay. Data are presented as percentages of secretion compared with LPS-stimulated control siRNA electroporated cells and represent means Ϯ SE (n ϭ 4). *P Ͻ 0.05, Etoh vs. RES or DMSO vs. SRT1720. † P Ͻ 0.05, control siRNA vs. SIRT1 siRNA.
between the groups, fed glucose concentration (Fig. 5D) as well as the glucose and insulin (Fig. 5E ) responses during oral glucose tolerance tests were significantly improved in SRT2379-treated rats. Consistent with improved glucose tolerance, the glucose infusion rate required to maintain euglycemia during a hyperinsulinemic euglycemic clamp was significantly higher (154%) in SRT2379-vs. vehicle-treated rats (Fig. 5F ). Insulin and glucose concentrations during the clamp studies were the same in both groups (data not shown). Taken together, these results demonstrate that treatment of obese rats with a SIRT1 agonist enhances whole body glucose homeostasis and insulin sensitivity.
SIRT1 treatment leads to reduced CD11c expression in ZF rat epididymal fat. To assess the mechanisms of the insulinsensitizing effects of SRT2379 treatment, we measured adipocyte size by histological analysis. The average adipocyte size in epididymal fat pads was reduced by SRT2379 treatment (Fig. 6A) . We also measured adipose tissue mRNA expression for three proinflammatory cytokines, TNF␣, IL-6, and MCP-1. All three were significantly increased in epididymal adipose tissue from ZF rats, and treatment with the SIRT1 activator caused a marked reduction toward levels seen in control rats (Fig. 6B) . Similar to earlier findings in HFD mice (36), we also found decreased SIRT1 expression in adipose tissue from ZF rats, which was unchanged by SRT2379 treatment (Fig. 6C) . HFD leads to a shift in the activation state of the ATMs from alternatively activated macrophages to classically activated macrophages. Thus we (19) and others (15) have shown that obesity leads to a marked increase in a highly proinflammatory subpopulation of ATMs that display F4/80, CD11b, and CD11c and release cytokines, which can cause cellular insulin resistance. Therefore, we assessed ATMs by MAC-2 immunostaining and also measured CD11c and CD11b expression. Figure 6D shows a striking reduction in adipose tissue CD11c expression in SRT2379-treated ZF rats, while total ATM number and CD11b expression were similar in control and treated animals, indicating that CD11c expression decreases with no change in total ATM content. Consistent with the mRNA expression data, CD11c protein levels were also decreased in the epididymal fat from the SRT2379-treated group (Fig. 6E) . Since tissue inflammatory markers were decreased with SRT treatment (Fig. 6B) , this suggests that SRT led to a switch in macrophage ATM phenotype to a noninflammatory, CD11c -negative state. To confirm the in vivo data in a direct in vitro system, RAW264.7 cells were treated with SRT1720. This led to decreased CD11c expression (Supplemental Fig.  3A) . In contrast to this, SIRT1 knockdown led to increased CD11c expression, and in SIRT1 knockdown cells, SRT1720 was without effect (Supplemental Fig. 3B ). Ly6c is another marker of the activated macrophage, and SRT1720 treatment also led to decreased Ly6c expression (Supplemental Fig. 3C ).
DISCUSSION
Insulin resistance is a major pathophysiologic abnormality leading to the metabolic derangements in obesity and type 2 diabetes (18) . Chronic inflammation in insulin target tissues is a key etiologic component causing decreased insulin sensitivity, particularly in obesity (1, 3, 9, 10, 37). Substantial evidence has accrued showing that the tissue macrophage is an orchestrating cell type in the initiation and propagation of the inflammatory state, which, in turn, can cause insulin resistance (31, 32) . Numerous studies have shown that caloric restriction leads to life span extension in a variety of species (27) , and caloric restriction is also a major lifestyle modification used for the treatment of obesity and type 2 diabetes. SIRT1 is a protein deacetylase that is activated by caloric restriction (23) , and an important component of the metabolic benefit of caloric restriction is mediated through increased activity of SIRT1 (5) . Based on these different lines of evidence, we hypothesized that SIRT1 might play an important role in modulating inflammatory responses in macrophages. Here we report that siRNAmediated depletion of macrophage SIRT1 broadly activates multiple inflammatory response pathways, whereas treatment of cells with the SIRT1 activators resveratrol or SRT1720 suppresses macrophage inflammatory programs. In addition, activation of SIRT1 in vivo in obese insulin-resistant ZF rats led to improved glucose tolerance, enhanced insulin sensitivity, and decreased adipose tissue inflammatory responses. As such, these studies point to an important role of SIRT1 as a regulator of macrophage inflammatory pathways and show that this effect can be harnessed to produce increased insulin sensitivity.
With respect to the connection between metabolism and SIRT1, most studies (6, 22, 23) have focused on the direct effects of SIRT1 within insulin target tissues. However, based on the established role of macrophages and inflammation in causing insulin resistance, the role of SIRT1 in regulating inflammatory pathways within macrophages is of importance. In this regard, we have found that depletion of macrophage SIRT1 by RNA interference led to broad activation of stress and inflammatory pathway signaling cascades, including increased expression of proinflammatory genes and augmented secretion of cytokines and chemokines. Treatment of cells with resveratrol and the more specific SIRT1 activator SRT1720 (17) inhibited these inflammatory pathways. This latter finding is consistent with previous studies (33) showing that resveratrol can inhibit NF-B activation, as well as cigarette smokeinduced proinflammatory mediator release in monomac cells. However, resveratrol is a rather nonspecific activator and has several other molecular targets, including AMP kinase (2, 38) . Thus studies of resveratrol alone do not clearly demonstrate the involvement of SIRT1. In the current studies, we utilized siRNA knockdown to directly demonstrate the role of SIRT1 as a negative regulator of inflammation and also showed that when SIRT1 is depleted, resveratrol and SRT1720 no longer have anti-inflammatory effects. Taken together with a recent study (26) showing that SIRT1 can regulate LPS-or ethanol metabolite-induced TNF␣ secretion in cultured macrophages, we believe these data demonstrate a role of SIRT1 as an anti-inflammatory regulatory component within macrophages.
We also used the SIRT activator SRT2379 to assess the potential effects of SIRT1 stimulation in vivo. We found that SRT2379 treatment led to a marked improvement in glucose tolerance, reduced insulinemia, and enhanced insulin sensitivity, with no effect on epididymal fat pad mass or SIRT1 expression, food intake, or body weight in the obese ZF rat model. These beneficial metabolic effects were accompanied by decreased tissue inflammatory responses, as demonstrated by reduced cytokine expression in adipose tissue. We and others have previously shown that the increased ATM content in obesity is characterized by an expanded population of proinflammatory macrophages that are positive for the cell surface markers F4/80, CD11b, and CD11c (15, 19) . In contrast, ATMs, which do not displace CD11c, are not proinflammatory and can be characterized as alternatively activated, M2-like macrophages. We found that both CD11b expression and CD11c mRNA expression was markedly increased in ZF rats compared with lean controls, confirming the increased ATM content in these obese insulin-resistant animals. Interestingly, SRT2379 treatment led to normalization of CD11c expression but had no effect on the expression of CD11b. Since CD11b is a generalized marker for macrophages, this result indicates that SIRT1 activation does not change total ATM content but does decrease the proportion of these cells that displace CD11c. Since it is the CD11c-positive macrophages that are proinflammatory, this macrophage population shift accounts for the decreased proinflammatory responses observed both in vivo and in vitro. These findings suggest that SIRT1 activation can direct ATMs toward a more noninflammatory polarization state in which they do not display CD11c or exhibit a proinflammatory phenotype.
Our studies also show that as part of its anti-inflammatory effects, SIRT1 knockdown increased and SIRT1 activator treatment decreased TNF␣ secretion from macrophages. This is an important finding, since TNF␣ and other cytokines are thought to mediate the insulin desensitizing effects of activated macrophages by suppressing insulin action in neighboring Fig. 6 . SIRT1 activation leads to a reduction of CD11c expression in epididymal fat. Zucker fa/fa rats were placed on normal chow diet with vehicle (Zucker) or SRT2379 (Zucker ϩ SRT), epididymal fat pad were isolated as described in MATERIALS AND METHODS. A: representative histologic picture (hematoxylin and eosin staining) of the adipose tissue. Data are presented as percentages of mean area size of adipocyte compared with tissue from Zucker fa/fa rats and represent means Ϯ SE. B-D: total RNA was purified, and then quantitative real-time-PCR was performed. After the mRNA expression differences were normalized to a standard housekeeping gene (GAPDH) mRNA level, data are presented as the relative expression. Error bars represent means Ϯ SE from 4 independent experiments. Adipose tissue macrophage content was measured as described in MATERIALS AND METHODS. Data are presented as percentages of macrophage per total nuclei and represent means Ϯ SE. E: imunoblotting was performed with indicated antibodies. *P Ͻ 0.05, Zucker vs. Zucker ϩ SRT. C: lean vs. Zucker or Zucker ϩ SRT.
insulin target cells through paracrine actions (29) . Along these lines, we directly evaluated the effect of macrophage SIRT1 depletion on insulin sensitivity in adipocytes. Thus SIRT1-depleted or resveratrol-treated macrophages were stimulated with LPS or palmitate and CM was subsequently harvested from these cells. The CM was then applied to adipocyte cultures, and the ability of insulin to stimulate glucose transport and Akt phosphorylation was measured. We found that SIRT1 depletion augmented the ability of CM to cause cellular insulin resistance, whereas resveratrol attenuated this effect. These results are consistent with the notion that SIRT1 can act within macrophages to exert anti-inflammatory effects, which then lead to improved insulin sensitivity in insulin target tissues.
In summary, these results show a novel anti-inflammatory role of SIRT1 in macrophages that modulates the paracrineinduced effects of macrophage CM on insulin resistance in adipocytes. We show that SIRT1 knockdown increases intracellular inflammatory signaling pathways, secretion of TNF␣, and inflammatory gene expression and that SIRT1 activators have opposite effects. Thus activated SIRT1 in macrophages restrains proinflammatory responses, as well as the development of insulin resistance. These results were recapitulated in vivo by showing that SIRT1 activator treatment of ZF rats improves glucose tolerance and insulin sensitivity and causes reduced tissue inflammatory responses. Our findings also raise the possibility that some component of the anti-aging effects of SIRT1 may be related to these anti-inflammatory effects. Together these results suggest that macrophage SIRT1 may play a beneficial role in regulating glucose homeostasis and that pharmacological activation of macrophage SIRT1 might be a useful anti-inflammatory therapeutic strategy for treating insulin resistance.
